Abstract-A new adaptive technique for steering the direction of minimum axial ratio (AR) (<1 dB) toward the reflected or jamming signal is proposed for global navigation satellite systems antennas. It relies on simple, low cost commercially available circularly polarized antenna elements without influencing their gain. Its performance is demonstrated using two different antenna geometries, with five different configurations. The measurements agree well with simulation and theoretical calculations. The technique allows a combined 1-dB AR beamwidth of up to 83°.
I. INTRODUCTION
Circularly polarized signals have been exploited for many applications due to their capability to suppress reflected signals. This property is most useful in the global navigation satellite systems (GNSS), where cross-polarized signals reflected by high-rise buildings (e.g., urban canyons) degrade positioning accuracy [1] . Good suppression of undesired reflected signals demands high circular polarization (CP) purity, indicated by a low axial ratio (AR). Obtaining an AR ≤ 1 dB over wide beamwidth for planar antennas is still a challenging task, however achievable by 3-D antenna structures [2] , [3] . Some techniques for planar patches allow ∼0-dB AR at boresight, however do not discuss beamwidth performance [4] . In this communication, a novel technique for AR reconfiguration, is proposed, which, rather than using expensive and complex broadbeam AR antennas, relies on basic antenna shapes to reconfigure AR without impacting the dominant polarization gain or radiation pattern.
Simple CP antennas, e.g., microstrip patches, exhibit very good AR at boresight, which gradually degrades toward the horizon. Many antennas were designed to allow broadbeam AR [2] , [3] , [5] - [11] . Most notable is the quadrifilar-helix (QH) antenna, which uses four conducting helices, wrapped around a common axis and fed with sequential 90°phase difference. A design proposed in [4] offers an AR < 3 dB over the beamwidth of approximately 160°. QH-inspired antennas [5] , [6] offer 130°and 80°respectively. Antennas proposed for Radio Frequency IDentification (RFID) readers in [7] and [8] have respective AR beamwidths of 163° [7] and 60° [8] . A stacked patch antenna in [9] is reported to provide up to 180°of 3-dB AR beamwidth. A cavity-backed spiral slot [10] allows 215°. In [11] a technique was proposed for a planar antenna with broad beam AR of up to 126°. This is achieved by appropriately combining four dipole antennas, i.e., by adjusting their orientation, distance, and phase shift. Despite the broad beam AR and low profile of 0.8 mm, the antenna has a bidirectional radiation pattern, producing left-handed circular polarization (LHCP) to the front and right-handed circular polarization (RHCP) to the rear. However, for GNSS applications, this pattern would receive ground-reflected LHCP signals, thus decreasing positioning accuracy.
Despite the performance presented [2] - [11] , most commercial GNSS devices use simple antennas, e.g., CP patches [12] - [14] , due to their low cost and miniaturization capabilities (some commercial GPS patch antennas are as small as 12 mm × 12 mm [14] ). However, their AR degrades away from boresight.
This communication proposes a novel and simple methodology to adjust the direction of the optimum AR (<1 dB), without significantly changing the power pattern of the dominant CP. The technique is intended for any state-of-the-art dual-fed CP antennas or dual linearly polarized antennas, most notably for basic antennas such as microstrip patches. It is a common belief, that CP antennas offer optimum performance when their two orthogonal components are fed with 90°phase shift. This is, however, true only for boresight radiation and was not deeply studied in the literature. The only exception is [15] where some early theoretical studies (without experimental validation) are presented for two idealized dipoles. By using the proposed method, one can synthesize an adaptive AR pattern, which can provide an AR ≤ 1 dB within a 83°beamwidth. The system is intended to improve GNSS performance in rich multipath environments, where undesired cross-polarized signals arrive from various directions. However, other applications are also suitable, such as direct modulation systems [16] or rotation sensors [17] .
II. PRINCIPLE OF OPERATION
Let us assume there are two linear radiating sources, represented as vectors v 1 and v 2 , which intersect at an angle α (0°, 180°). The vectors are located in the xy plane, in the coordinate system depicted in Fig. 1 .
For the this case, the far field can be approximated as a sphere S ff of a radius much greater than the length of either v 1 or v 2 . The electric (and magnetic) fields generated by v 1 and v 2 are tangential to S ff . Therefore the angle α formed by the vectors v 1 and v 2 will be seen in the farfield as a projection α (φ, θ), i.e., a projection of α onto a plane tangential to the sphere S ff at a given θ and φ. In general, this angle α has a different value to α. Only the projection at directions along the z-axis will produce α (θ = 0°) = α (θ = 180°) = α, therefore most CP antennas would use α = 90°to achieve good performance along the z-axis. In general, however, the angle α is dependent on θ and φ. For the two principal cuts, xz plane (φ = 0°) and yz plane (φ = 90°), the angle α can be calculated using
Equation (1) indicates, that for α > 90°there is a point in the horizontal plane, for which α = 90°. On the contrary, according to (1b) if the angle α < 90°there is a point in the elevation plane, where α = 90°. The necessary (but not sufficient) condition to achieve CP at a given θ and φ is α = 90°, i.e., the angle as seen in the far field-not α itself. This implies that one could try to control and direct the optimum AR for a desired θ and φ by changing the angle α. This solution is obviously highly impractical, as physically changing α would require mechanical actuators. Instead, the proposed solution keeps a constant α = 90°and adjusts the phase shift ph between the two orthogonal feeds. This is demonstrated in Section III to produce an effect equivalent to changing α, i.e., allows adjustment of the direction of minimum AR. Practical antennas are not a point source, but rather integrate the contribution of the electric fields from the full aperture, thus making the exact analysis using the above method more challenging. Nevertheless, it will be demonstrated both numerically and experimentally that by only adjusting the phase shift ph between two orthogonal components, a good AR < 1 dB can be produced for various angles away from boresight.
III. PROOF OF CONCEPT
The concept was tested using two simple CP patch antennas shown in Fig. 2 , one rectangular and one circular, with the optimum S 11 at 1.575 and 1.590 GHz, respectively. The antennas were prototyped on Taconic TLY-5 substrate of 1.5 mm thickness and ε r = 2.2. To vary the phase, a configuration using a Wilkinson power divider and an adjustable phase shifter [18] as seen in Fig. 2(c) was used. The pattern measurements were made using a spherical near-field method in the anechoic chamber of RWTH Aachen University. Before each measurement, the phase at each cable feed was measured using vector network analyzer, demonstrating a phase error (at cable terminals) less than 0.1°. The patch was backed by a 240 mm × 240 mm flat aluminium sheet. This reduced the angular range over which AR can be controlled, but was necessary to mitigate the influence of anechoic chamber's positioner. This is solely to allow accurate measurement and the core principle can be applied to patches with smaller groundplane size.
The S-parameters are shown in Fig. 3 . It can be seen, that both antennas exhibit ∼40-dB isolation between ports, ensuring the excitation phase at one port does not influence the other. The centre frequencies are 1.575 GHz for the rectangular patch and 1.59 GHz for the circular. All subsequent results are shown for these frequencies.
The AR was measured with five different phase shifts ph : 78°, 84°, 90°, 96°, and 102°. This corresponds to ±6°steps around the traditionally used 90°. The values are chosen, as 6°phase inaccuracy is expected to degrade the AR at boresight (θ = 0°) by ∼1 dB. Table I compares the simulated and measured values of directions of minimum AR for both antennas. It can be seen, that the maximum error between simulated and measured values is 13°(for rectangular patch at ph = 102°) with a mean absolute error of only 4.7°.
Figs. 4 and 5 compare the simulated and measured AR performance of the rectangular and circular antennas respectively. The results are shown for antenna center frequencies, i.e., 1.575 GHz for rectangular and 1.59 GHz for the circular patch. For both designs, a clear trend can be seen: small variations around the phase shift ph = 90°can broaden the AR beamwidth in one plane (and shift the direction of minimum AR) at the cost of narrowing it in the orthogonal plane: for ph < 90°the minima move in the xz plane, while for ph > 90°t hey move in the yz plane. This is true for all configurations, where the yz plane passes between the patch feeds (and the center of the patch). Although for fixed ph , the improvement in one plane demands a degradation in the other, this can be overcome by using multiple transceivers each executing different phase shifts, or state-of-the-art digital beamforming techniques. With decreasing cost and size of RF frontends, this option will become more attractive over time.
The AR curves are principally symmetric with respect to θ = 0°, which is a direct consequence of the patch symmetry and is echoed in (1a) and (1b) . Regrettably, the proposed technique does not allow producing a single nonmirrored AR minimum.
In the measured data an additional peak can be seen around θ = −45°for both rectangular and circular patches in Figs. 4(c) and (d) and 5(c) and (d). This is an artificial effect, due to LHCP backlobe reflected from the positioner structure, also housing the phase-shifting circuitry. This effect was mitigated for the main directions by installing a 240 mm×240 mm aluminum screen, which, however, does not shield wider angles (i.e., |θ| > 45°).
A slight difference between the phases of the two orthogonal modes in the patch can be seen as a flat area around boresight for ph = 90°.
For the rectangular patch, an AR < 1 dB is achieved in xz plane from −37°to −22°and 14°to 46°( ph = 78°), and −32°to +37°( ph = 84°) as seen in Fig. 4 . In the yz plane the peak below θ < −45°can be ignored as a measurement artefact, hence AR < 1 dB is achieved from −45°to −13°and +22°to +38°( ph = 102°), and from −45°to +26°with a small peak below 1.1 dB at 4°( ph = 96°). For the circular patch (Fig. 5 ) respective values are: in xz plane from −35°to −20°and +13°to +33°( ph = 78°) and from −25°to +24°( ph = 84°) and in yz plane from −34°to −22°and +20°to +32°( ph = 102°), and from −29°to −12°and +9°to 23°( ph = 96°). Fig . 6 shows the simulated S 11 for various ph (with lossless power divider), demonstrating proposed method has negligible impact on S 11 . Fig. 7 shows the measured RHCP realized gain patterns (including phase shifter losses). It can be seen, that the all curves strictly follow each other, demonstrating that the proposed method has no significant impact on the gain or radiation pattern of the dominant (RHCP) polarization. The maximum gain at boresight is 5.5-5.65 dBic. It was demonstrated in Fig. 3 , that the isolation between ports is ∼40 dB. This means, that the phase shift at one port will not impact the reflection coefficient at the other port, i.e., that the S-parameters are not dependent on ph .
When combining all configurations, the 1-dB AR beamwidth can be achieved for the rectangular patch from −37°to +46°(83°span in xz plane) and from −45°to +38 (83°span in yz plane). Respective values for the circular patch are from −35°to +33°(68°span in xz plane) and −32°to +32°(66°span in yz plane). 
IV. CONCLUSION
To conclude our findings, it is demonstrated that the best phase shift of CP antenna is not necessarily 90°, but rather is dependent on the signal's direction of arrival. This can be implemented for a lowcost method to adaptively improve the AR performance, while using basic off-the-shelf GNSS antennas. Based on the values reported in Table I , if the incoming signal arrives from around θ = 30°(for investigated antennas), the best cross-polar discrimination is achieved with ph = 78°(for φ values closer to 0°/180°) and ph = 102°( for φ values closer to 90°/270°). For θ = 20°, the corresponding values are ph = 82°and ph = 96°. These values, however, are antenna specific. Most notably it is considered, that an antenna with a smaller ground plane will allow AR steering within an even wider beamwidth (results not shown for brevity).
The method, although being general, is considered to be most useful for global navigation applications, where one has an initial estimation of the signal angle-of-arrival, simplifying the switching algorithm and enabling an optimal AR pattern. With the advancement of digital beamforming and software defined radio, one can generate the necessary phase shifts in the digital domain, opening up a plethora of new applications for the proposed technique (e.g., multiple AR configurations can be generated simultaneously).
